Studies of disinfection byproducts ( DBPs ) in drinking water and risk of adverse reproductive outcome have usually relied on approximate measures of exposure. Individual differences in consumption of bottled or filtered water, variability in tap water consumption at home and at work, dermal and inhalation exposure to volatile contaminants, and changes in residency during pregnancy may lead to exposure misclassification. We characterized exposures to tap water and other risk factors among 71 pregnant and 43 non -pregnant women attending public health clinics. Nearly all residences had a municipal water source, but 25% of women drank filtered or bottled water. Fifty percent of the women in our sample reported working outside the home where, on average, one third of their daily water intake took place. Pregnant women consumed more water than non -pregnant women ( 3.4 vs. 3.0 total l / day ) , especially cold tap water at home ( 1.8 vs. 1.3 l / day, 95% CI for the difference = 0.1, 0.9 ) . Patterns of showering were similar for both groups of women, but pregnant women were more likely to bathe and to bathe more frequently. The prevalence of smoking was lower among pregnant women ( 22.5% vs. 32.6% ) , as was the consumption of alcohol ( 4.2% vs. 53.5%, 95% CI for the difference = À 64.9, À 33.7 ) . Thirty -two percent of women had moved during their current pregnancy. The data reaffirm the importance of collecting individual -level data for water consumption and exposure to potential confounders to avoid misclassification bias. This study is the first to target women of low socio -economic status ( SES ) and therefore of particular interest in studies of adverse reproductive outcomes for which this group is at increased risk.
Introduction
Epidemiologic studies of disinfection byproducts ( DBPs ) in drinking water and adverse reproductive outcomes have usually relied on approximate measures of DBP exposure ( Reif et al., 1996 ) . A common approach has used information on birth certificates to identify maternal residence and exposure to some potential confounders ( Bove et al., 1995; Gallagher et al., 1998; Dodds et al., 1999 ) . Exposure assessment has typically been based on the concentration of total trihalomethanes in the study subject's municipal water source. This approach ignores individual variability in daily tap water consumption, water consumed at work, the use of bottled water or filtration systems, and spatial and seasonal variability in the concentration of DBPs. Additional exposure misclassification may have been introduced by the use of private wells, by residential mobility during pregnancy, and by differences relating to inhalation or dermal absorption of volatile DBPs during showering, bathing, or swimming in chlorinated pools. Collectively, this approach is likely to have led to exposure misclassification and biased effect estimates.
Despite widespread recognition that exposure assessment is the weakest link in studies of DBPs and reproductive outcomes (Reif et al., 1996; Nieuwenhuijsen et al., 2000 ) , little work has been done to address the deficiencies. Tap water and total water intake by pregnant, lactating, and comparison women have been assessed in studies conducted in the United States ( Ershow et al., 1991; Burmaster, 1998 ) and Great Britain ( Hopkins and Ellis, 1980 ) . A single study ( Shimokura et al., 1998 ) described tap water use and bathing and showering patterns in a group of pregnant women and their male partners. None of the previous studies has addressed residential mobility simultaneously or attempted to quantify the extent of misclassification and exposure to potential confounders.
In this report, we compare tap water use by pregnant and non -pregnant women in a population of women attending health clinics in Colorado. Specific patterns of use were examined between the groups and, among pregnant women, between the time before and during pregnancy. Water exposures of interest included ingestion at home and at work as well as contact through bathing and showering, swimming, and other activities leading to dermal and inhalation exposures to DBPs. Residential mobility was assessed among pregnant and non -pregnant women. Ours is the first study to assess exposures to water by multiple pathways in a group of lower socio -economic status (SES ) women, a group with higher rates of adverse reproductive outcomes (Starfield et al., 1991 ) . Further, the comparison between pregnant and non -pregnant women provided insight into whether DBP exposure -lowering behaviors were more likely to occur among pregnant women.
Methods

Study Participants
Study subjects were recruited in person at a local health department through the Well Infant and Children ( WIC ) program clinics and classes for pregnant women between September and November of 1996 and 1997. From a total of 135 eligible women aged 18 or above, 114 ( 84.4% ) agreed to participate. At the time of interview, 71 were pregnant; 20 were in their first trimester of pregnancy ( weeks 1± 14) , 33 in their second trimester (weeks 15 ±28 ), and 18 in their third trimester (weeks 29 ± 40) . Forty -three women were not pregnant at the time of their interview. The study was conducted under approval of the Colorado State University Institutional Review Board for human subjects. Women were informed that they would participate in a study to determine patterns of potential exposures to environmental chemicals through water consumption and other behaviors.
Questionnaires
Study participants were interviewed in person or over the phone at their discretion. Interviews in person (20%) and over the phone (80% ) lasted an average of 20 min and covered four areas. Demographic information included age, race, work status, number of children, home ownership, education, and residential mobility during pregnancy. Exposure to tap water at home, at work, and away from home was estimated. Exposure pathways included ingestion of tap water and beverages made from tap water, and potential for dermal absorption and inhalation through showering, bathing, swimming, handwashing, bathing children or pets, dishwashing, and clothes or carwashing. Exposures were quantified by amount and frequency as well as duration, where appropriate. Water source data included tap water from municipal supplies or private wells, bottled water, and use of a water filtration device. Recognized risk factors for adverse pregnancy outcomes ( number of miscarriages, smoking, alcohol consumption, and consumption of caffeinated beverages) were assessed. Alcohol consumption ( per week or month ) was measured as glasses of wine, 12 oz cans or bottles of beer and 1 oz drinks of liquor. Changes in water use patterns and risk factors for adverse pregnancy outcomes were assessed by asking about behavioral modifications that occurred after becoming pregnant. Finally, the potential for information bias in reporting exposures to water was assessed by incorporating a history of prior spontaneous abortion, level of concern about environmental hazards, and the method of interview in stratified analyses (Neutra et al., 1992 ) .
Statistical Methods
Data analysis was performed using SAS 6.12 (SAS Institute, Cary, NC ) . Both categorical and continuous variables were stratified by pregnancy status (pregnant versus non-pregnant) to examine differences between the two groups. Categorical variables were collapsed when appropriate and the proportion of women in each category was determined. The difference between the proportion of pregnant and non -pregnant women in each category was calculated and 95% confidence intervals were constructed around it. Continuous variables were tested for normality and, since no significant deviations from normality were found, mean, standard deviation, and quartiles were calculated, and 95% confidence intervals were created for the difference between the means of pregnant and nonpregnant women (Milton, 1999 ) . We adjusted differences between pregnant and non -pregnant women for potential confounding by age, education, race, and work status in a second series of analyses. Sample size and variability in the parameters measured precluded analyzing the data for pregnant women by trimester of pregnancy.
Results
Demographics
Participants were typically white women in their midtwenties with 13 or fewer years of education who occupied rented homes (Table 1 ) . Pregnant women were slightly younger than those not currently pregnant and were more likely to be renters than homeowners. Educational background was similar among the two groups of women, with a mean of 12.7 years for each. Hispanics were the predominant ethnic minority group, representing 15% of the total population. More than half of the women worked outside the home, but pregnant women worked fewer hours per week, on average, than women who were not currently pregnant.
Residence History Approximately 25% of the 114 women in this study were pregnant at the time they moved to their current residence. All 23 pregnant women had moved during their current pregnancy; 16 had moved within the same town, but 7 (10% of the total ) had come to their current residence from another community. Among women who were not pregnant at the time of their last move, 16 of 84 ( 19% ) had moved during a previous pregnancy.
Water Source and Ingestion
Nearly all study participants had a municipal water source at their residence (Table 1) . However, approximately 15% of women reported using filtered tap water and 11% consumed bottled water as their main source of drinking water. The proportions of pregnant and not currently pregnant women who drank bottled or filtered water, or used filtered or bottled water for food preparation were similar. Seventeen percent of pregnant women altered their source of drinking water when they became pregnant, with approximately half changing from tap to bottled water and half from unfiltered tap to filtered tap water. As shown in Table 2 , the amount of cold tap water consumed at home was higher for pregnant than for non -pregnant women (1.8 vs. 1.3 l/ day; 95% CI for the difference =0.1± 0.9) , but the ingestion of cold drinks prepared with tap water ( e.g., iced tea, reconstituted fruit drinks) was similar (1.0 vs. 0.9 l/ day) . More than 70% of the pregnant women reported an increase in their water intake ( number of 12 oz glasses of tap water per day) during pregnancy. Although we did not assess water intake after pregnancy, our findings suggest that behavioral changes, such as the use of filtered or bottled water, tend to remain after pregnancy whereas extra water intake during pregnancy and lactation tends to be reversed.
Approximately one half of pregnant and non -pregnant women ( 51% and 54% ) worked outside the home. Tap water at the workplace generally came from municipal sources. At work, approximately 80% of pregnant and nonpregnant working women drank unfiltered tap water, about 25% consumed hot beverages, and 17% reported drinking cold beverages prepared from tap water. Working women consumed a total of about a liter of tap water a day at work; no significant differences were found between pregnant and non -pregnant women. If water consumptions at home and at work are combined, women consumed a total of approximately 2 l of tap water, 1 l of tap water-based cold beverages, and < 0.5 l of hot beverages made with tap water per day. Total daily water consumption was slightly higher for pregnant than for non -pregnant women (3.4 vs. 3.0 l) due primarily to increased direct consumption of tap water at home. Women were not asked whether they changed water intake behavior patterns at work. Therefore, we were unable to determine whether the changes at work paralleled the changes at home.
Dermal Absorption and Inhalation
Dermal and inhalation exposure to DBPs results from showering, bathing (including assisting children ) , swimming, and cleaning ( Weisel and Jo, 1996 ) . As shown in Table 3 , pregnant and non-pregnant women did not differ in their exposures through showering (approximately one shower per day for approximately 14 min ) . Pregnant women were more likely to bathe ( 51% vs. 37%) and to No consistent changes in bathing or shower patterns during pregnancy were found. A higher proportion of non -pregnant women bathed children, washed dishes, clothes, and cars. However, several of these differences were based on small numbers and all, except bathing children, were imprecise and possibly due to chance. Exposure duration for these activities was approximately 20 ±30 min each time.
Risk Factors for Adverse Pregnancy Outcomes
Differences in exposure to well -known risk factors for adverse pregnancy outcomes were explored (Table 4 ) . This allowed us to assess whether knowledge about risky behaviors influenced the women's choices. The prevalence of smoking was lower among pregnant women than among those not currently pregnant (23% vs. 33% ) , even though the proportion of non-smoking women who had ever been regular smokers was much higher among pregnant women (56% vs. 24% ) . Among 46 women who had smoked prior to learning they were pregnant, 36 (78% ) reduced their smoking behaviors with 19 ( 41% ) decreasing consumption and 17 women ( 37% ) quitting entirely. Pregnant women reported a remarkable tendency towards abstinence from alcohol consumption; the proportion of pregnant women who drank alcoholic beverages was substantially lower than that for non-pregnant women (4.2% vs. 53.5%, 95% CI for the difference = À 64.9, À 33.7 ). Only one pregnant woman reported beer consumption and two drank wine; none consumed hard liquor. In contrast, among women not currently pregnant, 21% reported consumption of wine, 33% drank beer, and 21% consumed hard liquor. Thirty-eight pregnant women (53.5% ) reported changing their alcohol consumption upon becoming pregnant. All of them had consumed some alcohol before becoming pregnant; all except three stopped drinking alcoholic beverages completely. These findings persisted after stratification by legal drinking age.
The proportion of all women who consumed caffeinated coffee (32.5% ), tea ( 6.3% ) , or soda (71.9%) was roughly the same for pregnant and non -pregnant women. However, the amount of these caffeinated beverages consumed by pregnant women was substantially smaller than that for the non -pregnant group, with statistically significant or marginally significant differences for each substance. Women decreased their consumption of caffeinated beverages upon learning that they were pregnant; more than 40% decreased their coffee intake, 34% switched to decaffeinated beverages, 14% decreased their tea intake, and 76% decreased their caffeinated soda consumption. The potential for information bias in reporting water consumption habits and behaviors was explored in stratified analyses by history of miscarriage, environmental concern, or interview method. Previous miscarriages were more common among currently pregnant (35% ) than not pregnant women ( 16% ) and significant concern about environmental hazards was reported by 47.9% of pregnant and 60.5% of non-pregnant women. However, no substantial differences were observed across strata of these variables for reported filter use, consumption of bottled water, or amount of water consumed. Differences in water use between pregnant and non -pregnant women did not change notably when adjusted for age, race, years of education, and work status.
Discussion
Misclassification of exposure in studies of DBPs and reproductive outcomes is likely to occur from several sources. These include residential mobility during pregnancy, use of private wells rather than a municipal system, individual variability in daily water consumption, consumption of bottled water, use of treatment systems or filtered tap water, consumption of tap water outside the home during work or other activities, seasonal variability in DBP formation from precursors, and spatial variability in concentrations of DBPs within the distribution system. Storage of cold, tap water-based beverages and heating tap water to produce hot beverages reduce the concentrations of the volatile DBPs such as the trihalomethanes (Weisel et al., 1999 ) . In addition, failure to account for dermal and inhalation exposures to DBPs is likely to lead to an underestimate of total exposure (Weisel and Chen, 1994; Backer et al., 2000 ) . In this study, the use of private wells was not a source of misclassification since almost all tap water consumed at home and at work was from municipal supplies. However, although health clinic participants came from lower socioeconomic strata and were generally not well educated, the proportion of women drinking filtered or bottled water was over 25%. Therefore, using the municipal water source to assess DBP exposure for these women could have led to substantial exposure misclassification among pregnant women and those who had been pregnant recently. The proportion of women consuming bottled or filtered water was lower than that reported by Shimokura et al. (1998 ) for a group of well-educated, health -conscious women, of whom 39% consumed bottled or filtered water. In a recent cohort study of pregnant women recruited through a managed health care system in California, 59% of participants reported daily consumption of at least some bottled water and 19% reported use of a filter ( Swan et al., 1998 ) . The total water intake reported by women in Colorado was greater than that described by Ershow et al. ( 1991 ) in the USDA Nationwide Food Consumption Survey. It is not clear whether these difference were due to local differences in altitude and humidity between populations or reporting artifacts.
Residential mobility during pregnancy constituted a second major source of misclassification in this population. In a study of congenital cardiac anomalies in California, Shaw and Malcoe (1992 ) found that approximately 25% of women moved between the time of conception and delivery, and that moving was more common among younger and less -educated whites and Hispanics. Khoury et al. ( 1988 ) reported that 20% of mothers of children with birth defects changed address during pregnancy, and that moving was more common among white women and those aged 20 ±24 years. In our population of lower SES women, more than 30% of the pregnant women had already moved at the time of interview. Thus, the use of the residence at delivery to assess exposure is likely to lead to misclassification, especially if the municipal water supplier changed as the result of relocation.
Approximately half of the women in this study reported working outside the home. Water consumption at work accounted for approximately 1.0 0.9 l of tap water consumption per day or about 30% of their total consumption. If work took place at a distance from the residence, the possibility of introducing error due to variability in water source or treatment exists. Unlike Shimokura et al. (1998 ) , we did not find important differences between water use patterns among working and non -working women (results not shown ). While working women tended to drink more tap water and non-working women preferred tap waterbased beverages, total tap water consumption was nearly the same in the two groups.
We found no evidence of information bias among women with a history of miscarriage, as suggested by Neutra et al. (1992) . The average water consumption reported by women with one or more miscarriages was similar to that reported by women with no prior miscarriages. Women who had a history of previous miscarriage were not more likely to use bottled or filtered water. Further, reporting of water use was not related to interview method or to a woman's level of concern about environmental or chemical hazards.
Dermal absorption or inhalation through showering, bathing, and swimming has been shown to be a significant source of DBP exposure ( Weisel and Jo, 1996; Backer et al., 2000 ) . Both pregnant and non-pregnant women took daily showers of considerable length and had frequent extended contact with water through washing and cleaning activities. Pregnant women were more likely to take baths, and to take more baths than non -pregnant women, although they tended to spend less time in the tub. Approximately 25% of our study population had contact with water through swimming. Although swimmers went to the pool only once weekly or less, their average time in the pool was over 1 h and thus could have contributed to dermal and inhalation exposure (Aggazzotti et al., 1993; Levesque et al., 1994 ) . Assessment of potential exposure through hot tubs and spas was not evaluated.
Several limitations of this study deserve mention. The participants were recruited through a local health department and were of lower SES. Thus, findings from this study may not be completely generalizable to the population at large. However, although women of lower SES have higher rates of adverse reproductive outcomes (Starfield et al., 1991 ) , their water use patterns have not been studied specifically. We controlled for seasonal variability in exposure by sampling women once during the fall months and were therefore unable to assess seasonal patterns in exposures. Women were studied cross -sectionally, rather than longitudinally; therefore, intra -individual differences could not be assessed. Most non -pregnant women had been pregnant within the past few years and their water use patterns may have been affected by changes made during pregnancy. Further, non-pregnant women were more likely to have small children, which may have affected their activity patterns, but probably not their water consumption. We did not show women a standard measure of volume such as an 8 oz glass during the interview, so the assessment of amount consumed was likely to have been inaccurate. We did not assess the use of bottled or filtered water in the preparation of hot and cold beverages; however, heated beverages are unlikely to contribute substantially to exposure to volatile DBPs such as the trihalomethanes. Our results could have been affected by reporting bias if women were reluctant to admit that they had engaged in risky behaviors. However, this is more likely to be the case for alcohol and cigarette consumption than for water use. Since differences in exposure were found mainly in the amount of tap water consumed and in the use of bottled and filtered water, but not in behaviors such as showering, bathing, or swimming, the potential for a substantial bias in our results seems small.
Most studies investigating associations between DBPs and adverse reproductive outcomes published to date have found weak associations or no effects. Therefore, the potential for these results to have been affected by bias towards the null due to exposure misclassification is an important concern. In the current study, exposure could have been assessed incorrectly ( exposed women classified as non -exposed or vice versa ) for as many as 60% of participants. This degree of misclassification was based on only three potential sources of error: drinking bottled or filtered water, consuming water outside the home, or relocating during pregnancy.
Conclusion
Our study heightens concerns about DBP exposure estimation using indirect methods of assessment and strengthens arguments that individual differences in water consumption must be taken into account when assessing exposure to DBPs. Unfortunately, although these limitations were identified several years ago, recent studies involving DBP exposures have continued to rely on indirect methods of exposure assessment (King et al., 2000 ) . Our study shows that even among lower SES women least likely to engage in DBP exposure -lowering behaviors, the potential for exposure misclassification is great when indirect methods of assessment are used. This appears to be true especially for pregnant women.
